In recent years, high speed railway vehicle technologies have been studied and investigated in order to develop its performances with the objectives of improving riding comfort, noise reduction and high efficiency from environmental aspect. One of the essential performances is current collection stability. Operating at high speed condition, the current collection system which consists of contact wire and pantograph suffers from contact force variation. In order to reduce such variation, pantograph design should comprise of active control thus realizing stability. Numerical analysis can be applied to model the current collection and in particular simulate the contact force variation itself. In this study, Finite Element Method and Absolute Nodal Coordinate Formulation are used to model the wire. A free vibration experiment that focuses on tension of wire is performed to validate the numerical models. The validated result from the experiment demonstrates the accuracy of the numerical analysis in modeling the wire. The techniques are then applied to model the contact wire for the contact force investigation. The result indicated the availability of pantograph design via simulation to achieve steady contact force.
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INTRODUCTION
In recent years, a variety of railway technologies have been researched and developed in order to meet various needs in the railway transportation system. One of them is the stability of current collection system for high-speed operation. It is one of the important elements in the railway vehicle system to secure the stability of the power supply.
Without stable power supply, the train will not perform satisfactorily. At high speed operation, the bounce of pantograph due to the change in contact force with overhead power line causes the instability. In order to obtain a stable contact force, parameter optimization and active control design are supposed to be the effective counter measures. The past development of pantograph system was subjected to large-scale experimental facility with actual size train, Kusumi et. al (2006) . It is constrained by cost and time. Therefore, development via numerical analysis and computer model simulation is in demand. And for that reason, detail model of overhead wire and pantograph system is necessary. Active control approaches via simulation has been investigated to model the catenary and pantograph interaction previously, Abdullah et. al (2010) . While the modeling technique is seemed appealing, the validation is feeble and not supported by any experimental result.
In this study, we propose a flexible multibody dynamics analysis approach to model the overhead wires using Absolute Nodal Coordinate (ANC) Formulation, Shabana (2005) . A simple free vibration of a beam experiment is conducted which focused on the tension of the overhead wires and unknown parameters identification. Three modeling techniques; FEM, ANC and improved ANC are compared with experiment for validation. The techniques are then applied to model catenary-pantograph interaction. The results show the availability of modeling and designing active pantograph control approach via numerical analysis.
BEAM ANALYSIS TECHNIQUE
Three analysis techniques will be used and compared to model the stringing beam; FEM, ANC and damping force formulated by ANC (Improved ANC). Figure 2 illustrates the one element of the beam. OA and O'A' elements are the beam condition before and after deformation. 
FEM
The arbitrary element vector, e with local coordinate system, uv is shown as,
And the position vector, r uv with shape function, S, is represented by, 
Se
Here, P is the axial power. Therefore, FEM equation of motion would be as follows.
Here, Q is an external force term such as gravity.
ANC
At any point, the element vector e with absolute coordinate system XY is shown as, 
The ANC law of elastic force is as follows, and each factor is defined as follows,
Thus, ANC equation of motion would be as follows.
ANC with Damping Force Formulation
The elastic force in the ANC law is presented in equation (8). The amount of the beam deformation expressed in a complex formula. An easy equation is proposed to represent the motion of the small deformation in the stringing beam. This has lead to shortening computational time in the beam simulation, Takahashi and Shimizu (2001) . The beam height and length are considered for the shape function and the impact of the moment of inertia is derived from the mass matrix. Moreover, the simple equation of axial strain is represented by elastic force and bending deformation. The axial strain energy and bending deformation energy are derived from the damping force method at the same time.
The axial strain is assumed to be very small, and the shape function, S with consideration of beam height is shown in the following function,
Here, y is the height of the beam. The elastic force is transformed by the axial strain energy and bending deformation energy. 
Here, ε and κ are strain and curvature derivative of arbitrary point x from point O' on the beam. The stringing motion of the flexible beam is a significant impact, due to damping property which depending on the material of the beam. However, ANC law does not consider the damping parameter of the beam. And the elastic strength is derived as follows,
Rayleigh damping equation has been considered in formulation of ANC model with damping force. In previous research, the damping parameter identification procedure however never been proposed. In this study, an easy damping parameter identification experiment is introduced in conjunction with drag coefficient parameter and the formulation of air resistance, . The damping force, depending on the material of the beam, is produced by the axial strain energy and bending deformation energy,
And the damping force is derived as follows,
Here, D is a newly introduced damping parameter. The drag force acting on the beam is derived from the following formulas.
Thus, the damping force formulated ANC law equation of motion is as follows.
COMPARISON ANALYSIS

Experiment
In the experimental procedure, a beam is hanged vertically and attached with various tensions. Figure 3 shows the schematic diagram of the experimental apparatus. Since copper wire is used in the actual system, the same copper based material is used in this experiment with diameter 3 mm. The experiment is performed under two different conditions. In the first condition, the top end is fixed with rod end bearing. Therefore, the rod can rotate freely but the xy-displacement is restrained. The bottom of the rod is fixed with two bearings, so that it only moves on the ydirection. In the second condition, the top end is fixed with 15 mm vise clamp. As a result, the rotation and xydisplacement are restrained. The bottom part is in the same condition as in the first. The tension load is attached at the bottom of the rod. Initial displacement is given to the rod and as the free vibration begins, laser displacement sensor is used to measure the amplitude to the vibration. The tension is varied from 0 to 70 N and the characteristic of the frequency is measured.
Numerical Model
The beam is divided into n number of elements where it started from the top of the beam with element i = 1, and end at the bottom with element i = n. Absolute coordinate system started at the top of the beam with y-axis for vertical and x-axis for horizontal. In the condition 1, the xydisplacement at the top of the beam is restrained with high stiffness spring, but it can rotate freely. While the restrain at the bottom of the beam using spring restraints only on the x displacement. In condition 2, the top of the beam is restrained from rotation and xy-displacement In addition to the nodal coordinates, ANC and FEM elements require the nodal slope. However, it is difficult to express directly the initial shape after deformation into the element nodal coordinate vector. Therefore, the center of the beam is initially pushed with certain force at a certain displacement δ i . As the force is released, the stored energy in the beam will make the beam vibrates freely. The shapes before and after deformation are recorded and the Eigen frequency is derived from the displacement of the beam center. Table 1 shows the parameters used for the analysis. Since the number of element n and damping parameter D are unknowns, the parameter identification process is required. The values of the unknown parameters are changed and increased gradually, and the calculation is repeated to identify suitable values compared to the experiment. In FEM, the number of element is investigated within the range of n = 1 to 40. Figure 4 shows the relationship between tension and vibration frequency for FEM analysis. As the n is increased, the frequency is decreased until n = 30 where the result almost matched the experimental result. Further increasing the n makes the result worsen compared with experiment. In the ANC method, the number of elements is investigated from n = 1 to 30. As shown in Figure 5 , the result starts to converge at n = 30. Higher value of n will not produce significant result. In addition to the number of element, the damping parameter, D is introduced in ANC formulation. The newly improved ANC formulation is using damping force within its method. The ordinary ANC and FEM do not consider the damping parameter. The finding of n for improved ANC is shown in Figure 6 where the result is converge at n = 30. Since damping parameter is considered in the improved ANC, it possible to identify the value of damping parameter D. The same procedure is applied where the damping parameter is changed and increased gradually in the analysis. The search is calculated repeatedly and compared with the outcome of experiment. The logarithm damping ratio is calculated from the time history plot, ς e = 0.0055. After several repeated calculations, the damping ratio and damping parameter are established to have linear relationship. The relationship can be expressed as follows, From the calculation, the damping parameter D = 3.239 x 10 7 is identified. Figure 7 shows the comparison of damping ratio between analysis and experiment. The result of analysis is matching with experimental result starting at 7.5 s. The unknown parameters for each analysis method are identified and shown in Table 2. 6 . 5 6 . 5 6 . 5 6 . 5 7 7 7 7 7 . 5 7 . 5 7 . 5 7 . 5 8 8 8 8 -0
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Result
The frequency characteristic behavior against applied tension for each method is compared with experiment result in Figure 8 . The results from ANC and improved ANC methods are exactly the same. This has proven that The margin error between experimental result and ANC and improved ANC results is lower compared to FEM as the applied tension increase. Therefore, the accuracy of ANC and improved ANC in motion analysis of overhead wire is improved. The accuracy of one element can reduce the error margin of integration. It is confirmed that the ANC method is effective for the motion analysis of the beam-like overhead wires where the tension acting perpendicularly. The overhead wire is modeled from the analytical result of the characteristic frequency and the accuracy of one element by using the ANC method with the damping force formulation.
CATENARY AND PANTOGRAPH SYSTEM MODEL 4.1 Catenary Modeling
In this research, heavy but simple catenary model used for high-speed train is constructed. Figure 9(a) shows the structure of the simple catenary and Figure 9(b) shows the analysis model. In this model, the trolley line elasticity is supported by spring damper located in the catenary and hanger. The entire catenary is modeled using ANC method with small number of elements in order to reduce the analysis time. The model used absolute coordinate system, with y-axis as height and x-axis as line direction. The starting point is at the trolley line standard height as y = 0, and support point as x = 0. There is a tendency to which vertical stiffness of the trolley line is large when the extent is close to the support point and become small in the center of the span. So, spring constant of the hanger is large near the support point but small at the center of the span due to the influence of span cycle. The impact to the hanger is considered as elastic body which is replaced by a springdamper model. The hanger separation is about 5 m, therefore, in ANC model, the trolley line spring-damper interval is 5 m with elastic support. Since the hanger is restrained with nodal element of the trolley, each element i is attached to the line with external force Q. The tension of the trolley line leading to one end of the whole model is fixed with the spring-damper. Axial power and tension on x direction are acting on the other end of the line. The tension acting on n number of element of external force is Q n t . Next, the contact force effect from pantograph is considered. The contact force is designated as P and the element to which pantograph contacts is designated as i. The distance from nodal element to the contact point is designated as x and the external force which affects the trolley line is designated as Q. Since the pantograph is traveling at a certain speed, the position of the contact point is also traveling at the same seed. From above, the equation of motion for the stringing is proposed as,
Pantograph Modeling
In the conventional pantograph model, the 2 and 3 mass systems have been replaced with simple model of contact strip and pan head analysis. However, using numerical analysis model, the design of pantograph parameter and control with similar to actual vehicle model is necessary. Therefore, in this study, a model considering the framework of a single arm pantograph is proposed as shown in Figure 10 . The contact strip and pan head are 2 mass system frameworks. Since they are restrained to the links of the pantograph, the framework is considered as 3 DOF with one direction of rotation angle. The torque T occurs due to the main spring and damper installed in the framework which produces the upward force. The damper in the actual design pulls the brake for the framework when the pantograph descends to a certain point.
Catenary-Pantograph Interaction System
The pantograph model and catenary model interact together to generate contact force. On top of the contact strip, a dummy body is installed together with spring and damper models. The dummy body moves together with the pantograph. Due to the relative displacement and relative speed of the top and bottom of the wear plate, contact force occurs. If the relative speed is less than zero, than the pantograph considered as in bounce condition restrained with the spring and damper. The analysis flow of catenarypantograph system is shown in Figure 11 . 
Numerical Analysis
The actual trolley line is constructed with fix height depending on the hanger in order to obtain steady contact with the pantograph. In the simulation, the spring is installed to replace the hanger and the damper is raised to an initial point where the trolley line becomes horizontal. Spring constant of the hanger is shown in Table 3 , Corona (2007) . The large spring constant of the hanger is close to the support point (hanger number 1 and 10) and low spring constant at the center of the span (hanger number 5 and 6). Traveling speeds for the analysis are set at 250 km/h and 350 km/h with catenary tension of T = 10000, 19600 and 30000 N. Figure 11 . ANALYSIS FLOW OF CATENARY-PANTOGRAPH SYSTEM. Figure 12 shows the contact force variation at 350 km/h speed. The high frequency is due to the cycle of contact hanger and the low frequency is due to the span cycle. The pantograph experience the highest bounce at T = 10000 N and lowest bounce at T = 30000 N. These show that, high wire tension is required to minimize the pantograph bounce behavior. The contact loss occurs as early as at 0.2 seconds for T = 10000 N. Furthermore, even high wire tension cannot eliminate the contact loss. These prove that, high speed operating condition increases the occurrence of contact loss. Figure 13 shows the displacement of the contact wire at 350 km/h. The displacement of contact wire deteriorated at x = 75 m where it passes the center span. This is because when the pantograph acting on the contact wire at a certain speed, the vibration remains in the wire. The shock wave is generated behind the contact point. At higher speed, the time required to finish the contact on the entire wire is small, therefore the wave propagation inside the wire shows the different wire displacement behavior at different speed and wire tension. Figure 14 shows the contact loss ratio of each wire tension at different speed. At the lowest tension, T = 10000 N, the contact loss occurs starting at speed 200 km/h and it is increasing as the speed increases. At the highest wire tension, T = 30000 N, there is no contact loss even the operating speed reaches 350 km/h. These two tensions are merely for comparison purposes. In the actual application, the wire tension T = 19600 N is used commercially. The lower the tension applied the higher the wire displacement and vibration will occur thus the higher the value of the contact loss. 
Numerical Analysis Result
CONCLUSION
In this study, we have proposed the design of catenary and pantograph system based on multibody dynamics analysis. The free vibration experiment of a beam with various tensions was conducted and unknown parameters have been identified. Comparing three types of analysis, the ANC with damping force formulation is the most accurate method to model the vibration frequency and damping effect. The validation of the analysis is performed through the comparison with experimental result. The overhead wire is considered as flexible body modeled by the improved ANC method. The analysis of catenarypantograph contact force variation has shown that the high and low frequency periodic contact force are caused by the hanger cycle and span cycle respectively. The bounce of pantograph and displacement of catenary after contact phenomenon is a result of relative speed between the operating speed and the wave motion propagation speed. The proposed catenary-pantograph model can be applied to create controller design and passive parameter control design based on simulation.
